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ABSTRACT
Recent spectroscopic observations of the outer halo globular cluster (GC) NGC 2419 show that it is unique
among GCs, in terms of chemical abundance patterns, and some suggest that it was originated in the nucleus
of a dwarf galaxy. Here we show, from the Subaru narrow-band photometry employing a calcium filter, that
the red giant-branch (RGB) of this GC is split into two distinct subpopulations. Comparison with spectroscopy
has confirmed that the redder RGB stars in the hk[=(Ca−b) − (b − y)] index are enhanced in [Ca/H] by ∼0.2
dex compared to the bluer RGB stars. Our population model further indicates that the calcium-rich second
generation stars are also enhanced in helium abundance by a large amount (∆Y = 0.19). Our photometry,
together with the results for other massive GCs (e.g., ω Cen, M22, and NGC 1851), suggests that the discrete
distribution of RGB stars in the hk index might be a universal characteristic of this growing group of peculiar
GCs. The planned narrow-band calcium photometry for the Local Group dwarf galaxies would help to establish
an empirical connection between these GCs and the primordial building blocks in the hierarchical merging
paradigm of galaxy formation.
Subject headings: globular clusters: general — globular clusters: individual (NGC 2419) — stars: abundances
— Galaxy: formation
1. INTRODUCTION
In the current ΛCDM hierarchical merging paradigm, a
galaxy like the Milky Way formed by numerous mergers
of ancient subsystems. Most of the relics of these build-
ing blocks, however, are yet to be discovered or identified.
The recent discoveries of multiple stellar populations hav-
ing different heavy element abundances in some massive
globular clusters (GCs), such as ω Centauri, M54, M22,
NGC 1851, and Terzan 5 (Lee et al. 1999; Bedin et al. 2004;
Carretta et al. 2010a; Da Costa et al. 2009; J.-W. Lee et al.
2009; Marino et al. 2009; Han et al. 2009; Carretta et al.
2010b; Ferraro et al. 2009), are throwing new light on this
perspective. The evidence of supernovae (SNe) enrichment in
these GCs is indicating that they are most likely the remain-
ing nuclei of more massive primeval dwarf galaxies, rather
than being normal GCs. Recent spectroscopy of NGC 2419
(Cohen et al. 2010; Cohen & Kirby 2012; Mucciarelli et al.
2012) has shown that this outer halo GC was perhaps also
able to retain some SNe products (Ca, Sc, K), suggesting
that it belongs to this growing group of peculiar GCs. No
dispersion in iron is detected, however, from these spectro-
scopic observations, both from high and low resolution anal-
yses. These observations also found a large spread in K and
Mg abundances, bimodality in the abundance distribution of
these two elements, and their strong anti-correlation. Never-
theless, the sample size of these spectroscopic observations is
rather limited to see whether the metallicity distribution func-
tion of RGB stars in this GC is also showing a discrete distri-
bution, which is usually observed in the optical broad-band or
calcium narrow-band photometry of other massive GCs sug-
* Based on data collected at the Subaru Telescope, which is operated by
the National Astronomical Observatory of Japan.
gested to have originated in the nucleus of a dwarf galaxy.
The purpose of this Letter is to report our discovery of the
two distinct RGB subpopulations in NGC 2419 from the Sub-
aru narrow-band photometry employing a calcium filter.
2. OBSERVATIONS AND COLOR-MAGNITUDE DIAGRAMS
Our observations in Ca, b and y passbands were performed
using the Suprime-Cam (Miyazaki et al. 2002) on the Sub-
aru telescope on the nights of 2012 December 8, 15, and 16.
Only the images taken on the photometric condition (mostly
from the first night), with the seeing of 0.′′9 - 1.′′2, were used.
The Suprime-Cam consists of ten 2k × 4k CCDs providing a
pixel scale of 0.′′2 and covers a 34′ × 27′ field of view. The
total exposure times for Ca, b and y filters were 14940, 1908,
and 954 s, respectively, split into short and long exposures
in each band. The pipeline software SDFRED (Yagi et al.
2002; Ouchi et al. 2004) was used for preprocessing including
trimming, bias-subtraction, and flat-fielding. The stand-alone
DAOPHOT II, ALLSTAR, and ALLFRAME (Stetson 1987,
1994) were used to obtain the point-spread function photom-
etry. The stars in NGC 2420 (Anthony-Twarog et al. 2006)
were observed during the same nights in order to calibrate
instrumental magnitudes to Ca−by standard system. The hk
index of Anthony-Twarog et al. (1991), hk = (Ca−b) − (b − y),
was then calculated using our photometry in the Ca, b, and y
passbands. The old calcium filter available at CTIO, the one
used in J.-W. Lee et al. (2009) and Roh et al. (2011), was sus-
pected to be deteriorated and affected by CN band at 3883Å,
and this was recently confirmed, upon our request, by C. John-
son, D. Hölck, and A. Kunder (2012, private communication).
The new calcium filter employed in this observation was spe-
cially designed by us to avoid this contamination by CN band,
and thus it measures practically the H and K lines of singly
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Figure 1. CMDs for NGC 2419. The hk[=(Ca−b)−(b−y)] index is a measure
of calcium abundance (Anthony-Twarog et al. 1991). Note the discrete dou-
ble RGBs in the (hk,y) CMD for the stars brighter than y = 19.5 mag, while
this split is not shown in the (b − y,y) CMD. The horizontal bars denote the
measurement errors (±1σ). Panel (c) compares filter transmission functions
between the old Ca filter available at CTIO and the new filter employed at
Subaru. Synthetic spectra (from J.-W. Lee et al. 2009) for CN strong (red
line) and CN normal (blue line) stars are also compared to illustrate the
regimes occupied by CN band and Ca II H & K lines. The electronic ver-
sion of the new Ca filter transmission function is available at our webpage
(http://csaweb.yonsei.ac.kr/pub/Ca_Subaru.txt).
ionized calcium (see Figure 1c). This new filter set is being
used extensively by us in our survey of GCs and dwarf galax-
ies (see Joo & Lee 2013; S. Han et al. 2013, in preparation).
The color-magnitude diagrams (CMDs) for NGC 2419 in
(b − y,y) and (hk,y) planes are shown in Figure 1. In order
to avoid uncertainty caused by possible chip to chip varia-
tions, the CMDs in Figure 1 were constructed based on the
Figure 2. Differences in the (b − y) color and the hk index, respectively, of
each RGB stars from the fiducial lines, the ∆(b − y) and the ∆hk. The blue
horizontal bars in the center panels denote measurement errors (±1σ) at each
magnitude bin. The histograms and the best-fitting Gaussians are plotted in
the right panels. Statistical significance for the presence of two subpopula-
tions is more than 99.9% (see text).
stars only on chip 2, which was placed on the center of the
cluster. Furthermore, to examine the CMD features more
clearly, “separation index” (Stetson et al. 2003), magnitude
errors, chi, and sharpness (i.e., sep ≥ 1.0, σ ≤ 0.1, χ ≤
1.5, and -0.25 ≤ SHARP ≤ 0.25) were used to reject stars af-
fected by blending and adjacent starlight contamination, and
those with large photometric uncertainty. The most remark-
able feature of Figure 1 is the presence of two distinct RGBs
in the (hk,y) CMD for the RGB stars brighter than y = 19.5
mag, while this split is not shown in the (b − y,y) CMD1. Note
that this cannot be due to a differential reddening, because
then we would expect even larger separation of the two RGB
sequences in the b − y color (see Supplementary Figure 2 of
J.-W. Lee et al. 2009). In order to examine this feature more
clearly, in Figure 2 we have plotted the differences in the
(b − y) color and the hk index, respectively, of each RGB stars
from the fiducial lines, the ∆(b − y) and the ∆hk. The fiducial
lines were obtained by connecting the peak (i.e., mode of the
distribution) colors at each magnitude bin. The histograms
and the best-fitting Gaussians for the RGB stars are plotted
in the right panels. For the ∆hk, the blue and red Gaussians
are obtained from the Gaussian Mixture Modeling (GMM)
code (Muratov & Gnedin 2010), while the green line is for
the kernel density estimation. The statistical significance for
the presence of two subpopulations, based on the GMM like-
lihood ratio test, is more than 99.9%. The mean separation
between the two RGBs is 0.10 mag in the hk index. The pop-
ulation ratio between the bluer and redder RGB stars is about
0.7:0.3.
3. DISCUSSION
1 Note that while Di Criscienzo et al. (2011) and Beccari et al. (2013) re-
ported color spreads on the RGB of NGC 2419, which are significantly larger
than observational errors, the split on the RGB was not detected by their
broad-band optical and near UV photometry. However, Beccari et al. (2013)
found that blue RGB stars are more centrally concentrated than red RGB stars
in u −V color.
Two distinct RGBs in NGC 2419 3
Figure 3. Difference in metallicity between the two RGB subpopulations in
NGC 2419. Blue squares and red triangles denote blue and red RGB stars in
the ∆hk vs. y diagram, respectively, for which cross-matched spectroscopic
data are available. It is clear from panels (d) and (e) that the stars having
redder hk index are enhanced in Ca abundance than those having bluer index.
Panel (f) shows [Ca/Fe] is also different, albeit small, and panels (g) and (h)
show a sign of positive correlation between [Fe/H] and hk index. Panel (i)
shows Mg deficient stars belong to the subpopulation having redder hk index.
The solid and the dashed lines in panels (d) - (i) denote the mean value and
±1σ error of the mean value for each group, respectively.
We have shown that the RGB of NGC 2419 is split into
two distinct subpopulations in the hk versus y CMD. This is
most likely indicating the difference in Ca abundance between
the two subpopulations, because the Ca filter in the hk index
is far more sensitive to changes in Ca abundance than other
color indices like b − y. In order to confirm this, in Figure 3,
we have cross-matched our photometry with the spectroscopic
data (Mucciarelli et al. 2012; Cohen & Kirby 2012) for the
relatively bright RGB stars (y < 19.0) in the two extreme
regimes (i.e., blue and red) on the ∆hk versus y diagram. It
is clear from panels (d) and (e) that the RGB stars having
redder hk index are indeed enhanced in Ca abundance than
those having bluer index. The mean difference between the
two subpopulations is 0.12 dex (based on Mucciarelli et al.
2012) or 0.24 dex (based on Cohen & Kirby 2012) in [Ca/H],
and they are significant at 2.4 and 1.6 σ levels, respectively.
Furthermore, panel (f) shows [Ca/Fe] is also different, albeit
small, by 0.05 dex between the two subpopulations, which
is significant at 3.4 σ level. Interestingly, panels (g) and (h)
show a sign of positive correlation between [Fe/H] and hk in-
dex (Ca abundance), although the difference in [Fe/H] is small
(∼0.1 dex). These results are significant only at 1.6 and 1.0 σ
levels, respectively, and further observations are certainly re-
quired to confirm this possible difference in [Fe/H]. Panel (i)
also shows Mg deficient RGB stars in NGC 2419 belong to
the subpopulation having redder hk index. This is consistent
with the result by Beccari et al. (2013), who found that Mg
Figure 4. Comparison of our population models with the observations for
NGC 2419. Observed CMD in panel (c) is by HST ACS/WFC for the
F435W and F814W passbands (data from Dalessandro et al. 2008). Mod-
els are compared on the observed CMDs in the right panels. Crosses in panel
(d) represent RR Lyrae variables. Adopted distance modulus and reddening
are (m − M)y = 19.88, E(hk) = −0.025, and (m − M)435W = 20.03, E(F435W-
F814W) = 0.105, respectively (see text).
deficient stars are systematically redder in u −V color.
Our population models for NGC 2419 are compared with
the observed CMDs in Figure 4, and the input parameters
adopted in our best-fit models are listed in Table 1. The lat-
est version of the Yonsei-Yale (Y 2) isochrones and horizontal-
branch (HB) evolutionary tracks, including the cases of en-
hanced helium and nitrogen abundances (Lee et al. 2013),
were used in the construction of our population models. Read-
ers are referred to Joo & Lee (2013) for the details of our
model construction, and also for the effects of helium and
CNO abundances on the CMD morphology. In the hk ver-
sus y CMD, the stars in bluer RGB, brighter SGB, and redder
HB belong to the metal-poor first-generation subpopulation
(G1), while the stars in redder RGB, fainter SGB, and ex-
treme blue horizontal-branch (EBHB) are parts of the metal-
rich second-generation subpopulation (G2). In order to repro-
duce the observed split on the RGB in the hk index, a small,
yet important difference in metallicity (∆[Z/H] = 0.2 dex)
is needed, while the presence of EBHB stars in broad-band
CMD in lower panels requires a large difference in helium
abundance (∆Y = 0.19 ± 0.04) between the two subpopu-
lations. Di Criscienzo et al. (2011) also suggested a similar
difference in helium abundance (∆Y = 0.16) from their stel-
lar evolution models for NGC 2419. Note that the trend on
the RGB is reversed on the broad-band CMD, because, unlike
the hk index, the helium effect becomes much more impor-
tant than the effect caused by a small difference in metallic-
ity in the F435W−F814W color. Recent observations have
shown that [CNO/Fe] is somewhat enhanced in the metal-
rich subpopulation (G2) in most massive GCs (Marino et al.
2012a,b), and therefore we have further assumed that the G2
is enhanced in [CNO/Fe] by 0.2 dex. In this case, the age
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Table 1
Input Parameters Adopted in our Best-fit Model of NGC 2419
Population Z [Fe/H]a ∆[CNO/Fe] Y Age (Gyr) Mass Loss (M⊙)b Fraction
G1 0.00025 -2.11 0.0 0.231 12.0±0.3 0.179 0.7
G2 0.00044 -1.88 0.2 0.42±0.04 10.0±0.4 0.148 0.3
a[α/Fe]=0.3
bMean mass loss on the RGB for η=0.53
difference between the G1 and G2 is predicted to be ∼2 Gyr,
but this age difference would be reduced to ∼1 Gyr, if there
were no difference in [CNO/Fe] between the two subpopula-
tions (see Joo & Lee 2013). The models presented here are
constructed based on the simple assumption that NGC 2419
is composed of only two subpopulations. More detailed mod-
eling, including period-shift analysis of RR Lyrae variables,
is required to see whether the G1 population would be further
divided into two subpopulations, differing in age, CNO and
helium abundances.
The presence of two distinct RGB subpopulations in NGC
2419 is reminiscent of the cases of other massive GCs,
such as ω Cen, M22, and NGC 1851 (J.-W. Lee et al. 2009;
Joo & Lee 2013; S. Han et al. 2013, in preparation), all of
which are suggested to have formed in the primeval dwarf
galaxy environment. This, in turn, is suggesting that the dis-
crete distribution of RGB stars in the CMD employing the
hk index might be a universal characteristic of the remain-
ing nuclei of disrupted dwarf galaxies. The split in the dis-
tribution of Ca abundance is most likely due to SNe enrich-
ment. However, unlike other building block candidates, no
significant spread in iron is reported in NGC 2419. It also
shows an abundance pattern in Mg and K that appears unique
among globular clusters and dwarf galaxies (Carretta et al.
2013; Mucciarelli et al. 2012). Therefore, an alternative sce-
nario, producing the observed K and Mg spread, possibly even
a small spread in Ca, and no spread in Fe, has been proposed
by Ventura et al. (2012). Whether the sign of small difference
in Fe reported in Figure 3 is real or not will eventually answer
this question, and thus a dedicated spectroscopic observation
for more RGB stars in NGC 2419 is urgently required. Note
also that the result of our modeling for NGC 2419 is qualita-
tively similar to those for M22 and NGC 1851 presented by
Joo & Lee (2013) in that the G2 is enhanced in both heavy
element and helium abundances. This further indicates that
NGC 2419 belongs to this group of peculiar GCs, although
NGC 2419 appears unique in terms of an abundance pattern in
Mg and K. The planned narrow-band photometry employing
the same calcium filter for a number of Local Group dwarf
galaxies would certainly help to establish an empirical con-
nection between these GCs and the primeval building blocks
in the hierarchical merging paradigm of galaxy formation.
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